Analytical and micropreparative high-performance liquid chromatographic (HPLC) methods assisted by spectroscopic and enzymatic tools were developed for generating a glucosinolate library from white cabbage. This involved the study of the chromatographic behavior of glucosinolates by reversed-phase chromatography (RPC) using octadecyl-silica (ODS) stationary phases and ion-exchange chromatography with strong anion-exchange (SAX) columns. The glucosinolate extract from white cabbage was fractionated on a micropreparative Zorbax ODS column of 250 × 6.2 mm id. The collected fractions from the ODS column effluent were further purified by rechromatographing the early eluting fractions on a SAX column and the late-eluting peaks on the same ODS column under different elution conditions. These studies demonstrated the benefits of using more than one HPLC method in the isolation of pure glucosinolates. These chromatographic separation schemes combined with efficient sample cleanup provided pure glucosinolate fractions that were readily identified by high-field nuclear magnetic resonance (NMR) and high-resolution mass spectrometry (MS), namely negative-ion liquid secondary ionization mass spectrometry (LSIMS). The structural determination of a given glucosinolate by 1-and 2-dimensional NMR was further confirmed by LSIMS, which gives the mass of the molecular anion of glucosinolates. In addition, the structure of a given glucosinolate fraction was readily assessed by performing RPC of the myrosinase digest of the particular glucosinolate and that of the standard degradation product that has a structure that is reflective of the parent glucosinolate. Also, through the myrosinase degradation products (e.g., isothiocyanates) under controlled conditions, the quantitative determination by RPC of the corresponding glucosinolates in the white cabbage extract was reliably achieved. By using the ability of myrosinase to hydrolyze the glucosinolates, it was possible to profile the glucosinolates in the cabbage extract quite rapidly. For the glucosinolates present at very low amounts in white cabbage, and also for the HPLC fractions containing more than one glucosinolate, the isothiocyanate degradation products resulting from the hydrolyzing effect of myrosinase were analyzed by gas chromatography/MS, and their structures were determined. This in turn allowed the determination of the structure of the parent glucosinolates. In summary, white cabbage seems to contain at least 8 glucosinolates.
controlled conditions, the quantitative determination by RPC of the corresponding glucosinolates in the white cabbage extract was reliably achieved. By using the ability of myrosinase to hydrolyze the glucosinolates, it was possible to profile the glucosinolates in the cabbage extract quite rapidly. For the glucosinolates present at very low amounts in white cabbage, and also for the HPLC fractions containing more than one glucosinolate, the isothiocyanate degradation products resulting from the hydrolyzing effect of myrosinase were analyzed by gas chromatography/MS, and their structures were determined. This in turn allowed the determination of the structure of the parent glucosinolates. In summary, white cabbage seems to contain at least 8 glucosinolates. hand, isothiocyanates have been found to decrease the growth of yeast and microorganisms (3) , and some of them, for example, indole isothiocyanates, have been found to be phase II anticarcinogens (4) . Thus the determination of glucosinolates and their break down products is important. In addition, to better assess the negative and beneficial effects of glucosinolates on animal and human health, there is a need for efficient isolation methods to generate quantities of pure glucosinolate standards.
Traditionally, the determination of glucosinolates has been performed by various analytical techniques, including thin-layer chromatography (TLC; 5, 6), high-voltage electrophoresis (HVE; 7, 8), gas chromatography (GC), GC/mass spectrometry (GC/MS; 9, 10), high-performance liquid chro- ARGUELLO matography (HPLC; [11] [12] [13] [14] [15] [16] [17] [18] , and HPLC/MS (19) . TLC provides only qualitative information, and use of the technique has met with limited success in part because of the lack of specific reagents for the glucosinolates and their different R groups. Although GC of trimethylsilylated desulfoglucosinolates is a reliable approach to the analysis of glucosinolates, some problems still exist concerning the quantitative GC analysis of methylthio-, methylsulfinyl-, and methylsulfonyl-alkyl-glucosinolates. HVE seems to provide useful information regarding the relationship between mobility of glucosinolates and their molecular size (6) . However, HVE is qualitative and labor intensive. HPLC is very suitable for the analysis and isolation of glucosinolates. Despite the fact that HPLC is the only separation technique that can be used effectively in the micro-and macropreparative isolation of glucosinolates, little or no systematic work has been performed on the isolation of glucosinolates from real plant extracts.
The aim of this investigation was to develop HPLC methods for the isolation of intact glucosinolates (i.e., generation of a library of glucosinolates) from white cabbage at the micropreparative level (i.e., a few hundred micrograms per day). Although preparative HPLC at the laboratory level (>1 g/day) does not simply involve using larger columns and higher flow rates than micropreparative HPLC, we expect that the micropreparative HPLC methods described here will be beneficial for the development of scaled-up preparative separation methods. Concurrent to this objective was the development of analytical HPLC methods for the determination of glucosinolates and their degradation products in plant extracts. The third objective of this report was concerned with the better understanding of the chromatographic behavior of glucosinolates under various elution conditions. A fourth ob- jective was concerned with evaluating spectral as well as enzymatic tools for the identification of isolated glucosinolates.
The work described here was a continuation to our recent contributions to the area of glycoside analyses (e.g., cyanogenic glucosides, glucosinolates, etc.) by liquid-phase separation methods, including HPLC (20) and capillary electrophoresis (21, 22) .
Experimental

Chemicals and Reagents
HPLC grade methanol, reagent grade monobasic and dibasic sodium phosphate, barium chloride, methylene chloride, and sodium chloride were purchased from Fisher (Fair Lawn, NJ). Sinigrin monohydrate, a glucosinolate standard, and myrosinase, a thioglucosidase, were obtained from Sigma The instrument used for the MS analysis of glucosinolate samples was a VG Model ZAB-2SE magnetic sector, double focusing mass spectrometer made by VG Analytical (Manchester, UK). Negative-ion liquid secondary ion mass spectrometry (LSIMS) was used for the structural analysis of glucosinolates. The energy of the bombarding cesium ions was set at 20 keV. Glycerol was used as the supporting matrix for the sample. Samples were dissolved in methanol before mixing with glycerol matrix.
The GC/MS instrument used was a Model 5989 mass spectrometer interfaced with a Model 5890 Series II Plus gas chromatograph from Hewlett-Packard (Palo Alto, CA). The gas chromatograph was equipped with an HP-5 column cross-linked with 5% phenyl methyl dimethyl (PHME) silicone, 30 m× 0.25 mm id× 0.25 µm film thickness. For GC/MS analysis, the inlet temperature was set at 250°C, and a linear temperature gradient of 70E-290°C in 55 min was selected followed by an isothermal elution for 4 min at 290°C. Helium was used as the carrier gas at a flow rate of 1 mL/min. The solvent used to dissolve the sample was methylene chloride.
Procedures
(a) Extraction.-Typically, 50 g white cabbage was first frozen in liquid nitrogen and then ground in a coffee grinder from Regal ware (Kewaskum, WI). To the fine material was added 100 mL boiling pure methanol (23) (24) (25) . Thereafter, the mixture was heated until reaching a temperature of 70°C. The temperature was maintained for an additional 2-3 min. The resulting methanolic mixture was filtered under vacuum by using a water aspirator. Finally, the filtrate was dried in a speed vac Model SC110 from Savant (Holbrook, NY).
(b) Sample cleanup.-The dried extract of cabbage (ca 1 g) obtained as described in Extraction was dissolved in 5 mL water. To this solution was added 0.5 mL of a saturated solution of barium chloride to precipitate proteins and polysaccharides. Thereafter, the mixture was centrifuged for 9 min, and the solid was discarded. The resulting solution was dried in a speed vac. The solid material thus obtained was dissolved in 3 mL methanol, and the mixture was centrifuged for 5 min. The supernatant was then concentrated by a speed vac to ca 2 mL. To this concentrate was added 2 mL ethyl acetate while it was mixed until a precipitate was formed. The mixture was centrifuged for 5 min, and the precipitate was collected. This precipitate was treated again with 1 mL ethyl acetate while being mixed, and the mixture was centrifuged for 5 min. After the liquid phase was discarded, the precipitate, which is enriched with glucosinolates, was dried in a speed vac.
(c) Digestion of glucosinolates by myrosinase.-The dry extract from white cabbage was dissolved in 1 mL of a buffer solution of 50 mM dibasic sodium phosphate, pH 7.0. Approximately 1 mg myrosinase was added to this solution. Then the solution was stirred for more than 3 h. For the cleaned up extract, the myrosinase digestion required more time (ca 12 h) because of the presence of barium, which seems to cause a partial inhibition of the enzyme.
Results and Discussion
Chromatographic Behavior of Glucosinolates induce the retentivity required for optimum resolution among the various glucosinolates of the cabbage extract, the mobile phases used in the gradient elution runs contained 50 mM monobasic sodium phosphate at pH 3.2. Under this condition, the glucosinolates were retarded sufficiently and in turn separated from each other as well as from the interferences (Figure 2 ). Higher ionic strength promotes stronger hydrophobic interaction and consequently higher retention (26) (27) (28) . Also, use of a relatively low pH (e.g., pH 3.2) suppresses the ionization of the surface silanols and allows more retention for acidic solutes.
As can be seen in Figure 2 , by using a gradient elution at increasing methanol concentration in 50 mM monobasic sodium phosphate, pH 3.2, the glucosinolates exhibited a retention behavior markedly dependent on the surface coverage of the stationary phase with octadecyl ligands (i.e., percent carbon). By using a column packed with Microsorb-MV C 18 that is characterized by a relatively low surface coverage in octadecyl ligands (percent carbon = 12% w/w), the strongly polar glucosinolates were not sufficiently retained and eluted at the beginning of the chromatogram with little or no resolution from the sample interferences ( Figure 2A ). This is true for peak 1, which almost coeluted with the sample interferences. To allow a better resolution of the glucosinolates under investigation, a different column packed with Zorbax ODS spherical silica of 20% w/w carbon load was used ( Figure 2B ). As shown in Figure 2B , at least 6 glucosinolate peaks can be separated and detected. However, peak 5 was better resolved from some interferences on the Microsorb MW C 18 column. A comparison of Figure 2A with Figure 2B reveals that the Zorbax column (higher carbon load) exhibited higher retentivity toward early eluting peaks (1-4) than does the Microsorb column (lower carbon load) but yielded similar retention toward peaks 5 and 6, which eluted at higher percentage of methanol in the gradient elution run. It should be noted that the Zorbax column exhibited a larger plate number (19900) compared with that for Microsorb MW C 18 (9400). Therefore, it is necessary to have a column of high carbon load as well as of high plate counts for enhanced retention and resolution, respectively, of the more polar glucosinolates.
(b) Ion-exchange chromatography.-Because of the fact that glucosinolates carry in their structures a sulfate group that is permanently charged, a strong-anion exchange (SAX) column should be suitable for their separation. In this regard, it was first necessary to determine the best conditions for the separation of glucosinolates from white cabbage on the SAX column. The effect of the pH of the mobile phase was first investigated by using a 25 cm × 4.6 mm id SAX column and a linear gradient elution from 0 to 1.0M NaCl in 20 mM monobasic sodium phosphate at pH 3.0, 6.0, and 7.0 and in 20 mM sodium acetate at pH 4.0 and 5.0. As the pH was increased from 3.0 to 7.0, the retention decreased monotonically, and at pH 7.0 all the components of the extract eluted faster with little or no separation. As the pH increases from 3.0 to 7.0, the net positive charge density of the stationary phase is lowered because of the ionization of the unreacted silanols. This generates repulsive forces between the negative groups of the stationary phase and the negatively charged glucosinolates, thus causing lower retention. The optimum pH for maximum resolution was found to be 3.0, as shown in Figure 3A . The separation was further improved by changing the composition of the gradient former (i.e., solvent B) to 0.50M NaCl in 20 mM sodium phosphate monobasic at pH 3.2 (Figure 3B) . Increasing the pH from 3.0 to 3.2 (a difference of 0.2 pH unit) and decreasing the ionic strength from 1.0 to 0.5M NaCl resulted in a significant improvement in the overall separation, which translated into 5 resolved glucosinolate peaks as opposed to 4 resolved peaks at pH 3.0 with use of a linear gradient from 0 to 1.0M NaCl. The virtue of SAX is that uncharged sample interferents are not retained, and they elute in the breakthrough of the column.
(c) Comparison of RPC and SAX chromatography.-To develop a better understanding of the retention behavior of glucosinolates on SAX and RPC columns, the different peaks separated on the RPC column were collected and injected into the SAX column. The numbering of peaks on the SAX column corresponds to the peak numbering on the RPC column. On the SAX column, peaks 2 and 3 coeluted first followed by peaks 1, 4, 5, and 6 in that order. In total, a better separation was achieved by RPC than by SAX. The slight change in the elution order when going from an RPC to a SAX column indicates the implication of a reversed-phase mechanism in SAX. This corroborate earlier findings by Elfakir et al. (29) (30) (31) . This is expected because the stationary phase used in SAX is a composite material containing both quaternary ammonium groups and nonpolar organic functions.
Assignment of Glucosinolate Peaks
In all of the above experiments, the peaks corresponding to glucosinolates were distinguished from interference peaks in the white cabbage extract by comparing the chromatogram of the intact extract with that of the same extract treated with myrosinase. This is typically shown in Figure 4 , where it can be seen that there are at least 6 glucosinolate peaks present in the white cabbage extract because there are 6 peaks that disappeared and an approximate equal number of new peaks that appeared in the chromatogram obtained after myrosinase treatment. This enzymatic peak shift approach was also applied to the SAX column to locate the glucosinolate peaks.
Micropreparative HPLC of Glucosinolates
(a) Overall strategies.-Micropreparative HPLC is usually performed on analytical or semipreparative columns by using HPLC instruments that can handle relatively low flow rates in the 1-10 mL/min range. Similar to the purification of other complex natural extracts, various stages are involved in the preparative isolation of pure glucosinolates whereby preparative HPLC is only 1 or 2 stages in the operation of the purification process. Extraction and sample cleanup (e.g., filtration, centrifugation, solvent extraction, crystallization, etc.) are the first stages of the preparative isolation process. It is also critical to know the number of individual glucosinolates as well as the total amount of glucosinolates in the extract so that preparative HPLC can be performed efficiently. This can be usually done by running analytical HPLC (see the introduction) and high-performance capillary electrophoresis to determine the number of glucosinolates as well as the total amount of glucosinolates (21, 22) . Thereafter, the separation is first established on analytical scale to maximize the selectivity factor and optimize resolution. The collected fractions are checked for purity by HPLC under different conditions (see Rechromatography and treatment of collected fractions). Pure fractions are then combined, and solvent is evaporated. Impure fractions are finally rechromatographed under different conditions by using either the same or different stationary phase (see
Rechromatography and treatment of collected fractions).
When using a 25 cm × 6.2 mm id RPC column, it was necessary to perform several runs to collect sufficient amounts of pure glucosinolates. For the analysis by NMR of the HPLC-isolated glucosinolates, a relatively high concentration (0.3-1.0 mg/0.6 mL D 2 O) and high-purity samples were required. On the other hand, for the MS analysis a highly puri- fied sample was needed. This demanded some extra care in the preparation of the isolated glucosinolates to avoid contamination and degradation of the sample.
(b) Sample cleanup.-As mentioned in Overall strategies, a preparative HPLC is only one stage in the overall purification process. The glucosinolate extract is a complex mixture that contains a large number of matrix interferences (Figure 5) . By comparing Figure 5 with Figures 2B and 4A , one can see that it is important to clean up the extract to remove the various matrix interferences that may reduce the lifetime of the column and most importantly make the preparative separation difficult to realize. With sample cleanup, a much simpler chromatogram was obtained, and the majority of other interfering components were skimmed off ( Figures 2B and 4A) .
(c) Rechromatography and treatment of collected fractions.-Cleaned up extracts were utilized to perform micropreparative RPC. The different peaks that correspond to the glucosinolates were isolated and neutralized to pH 6.0-7.0 by using a buffer of dibasic sodium phosphate, pH 8.0, to avoid the hydrolysis of glucosinolates in a low pH buffer.
Despite the reduction in the size and number of matrix interferences by the cleanup step, the RPC isolated fractions still contained unwanted components, a fact that required further purification by either SAX or RPC. Peaks 1 and 3 were rechromatographed on a SAX column by using a 15 min linear gradient elution from 0 to 0.5M NaCl in 20 mM monobasic sodium phosphate, pH 6.0 ( Figure 6 ). By using this procedure, the glucosinolates were cleaned of some impurities that remained after the separation by RPC. Although use of the SAX column was for analytical purposes, the fact that only one glucosinolate was isolated from 1 or 2 impurities has allowed the overload of the column and recovery of the purified glucosinolate in quantitative yields.
The last step of the purification of glucosinolates 1 and 3 involved removing the salt from the collected fraction. This was achieved by passing the purified glucosinolates onto the RPC column, which was eluted first isocratically for 3 min with 10 mM monobasic sodium phosphate, pH 6.0, and then step-wise for 9 min with 5.0 mM monobasic sodium phosphate at 80% (v/v) methanol. This was followed by returning to the initial mobile phase and equilibrating for 5 min before the same cycle was repeated again. Under these conditions, in the first 3 min the salt leaves the column, and the glucosinolates are eluted between 3.5 and 5.5 min, depending on the type of the glucosinolate. These final HPLC fractions were dried by speed vac and were ready to be analyzed by NMR and MS. To obtain an interpretable NMR spectrum, it was necessary to remove most of the salt before the sample was analyzed by NMR. For the MS analysis of the collected peak, it was necessary to remove almost all the phosphate in the SAX fraction. This was done by dissolving the dry glucosinolates with a small amount of methanol. The glucosinolates are soluble in methanol, and the sodium phosphate is almost insoluble.
Peaks 4-6 collected from the RPC column were further purified on the same RPC column but under different elution conditions (Figure 7) . The new conditions consisted of a 17 min linear gradient elution from 0 to 80% (v/v) methanol and from 10 to 5 mM monobasic sodium phosphate, pH 6.0. Under these conditions, the amount of sodium phosphate in the purified fraction is reduced because the percentage in the second mobile phase of low sodium phosphate content is increased during the gradient. This resulted in low amounts of sodium phosphate in the purified glucosinolate, and no further desalting was required for these glucosinolates. An attempt to decrease further the amount of sodium phosphate in the second mobile phase (i.e., the gradient former) led to a decrease in resolution from impurity peaks. These procedures worked only for peaks 4-6 because they have higher retentivity toward the RPC column. For glucosinolates 1 and 3, it was not possible to use this last procedure because the retention times were short under this condition, which did not allow the separation to take place. For these reasons, it was necessary to rechromatograph peaks 1 and 3 on a SAX column. Because only one glucosinolate was to be further purified from 1 or 2 impurities, the RPC column was overloaded with sample without sacrificing resolution.
As will be discussed for peaks 2 and 5, NMR analysis of peak 5 resulted in a crowded spectrum that was not easy to interpret, indicating the presence of either some impurities and/or more than one glucosinolate in the rechromatographed fraction 5 (Figure 8 ). In fact, by using different RPC conditions, fraction 5 yielded 3 peaks (1 major and 2 minor) that were partially resolved ( Figure 8C ).
Identification of Glucosinolates by Means of Chromatographic, Enzymatic, and Spectroscopic Methods
The structural determination of the glucosinolates isolated by HPLC was first performed by NMR. To further confirm the structure of purified glucosinolates, the HPLC fractions were analyzed by MS using a negative-ion LSIMS technique. LSIMS gives the molecular weight of the glucosinolate anions (M-cation) -, which is the most abundant anion in the negative ion mode. Both NMR (32) (33) (34) and MS (35) (36) (37) (38) have been previously applied to the structural determination of glucosinolates.
(a) Peaks 1, 3, 4, and 6.-The glucosinolate that was readily confirmed was the fraction 3, which corresponds to the trivial name sinigrin. This was facilitated by the fact that the standard for sinigrin and fraction 3 yielded the same NMR spectrum ( Figure 9A 6 (a,b) , which are not equivalent, have 2 peak doublets at 3.6 and 3.8 ppm because they are next to the chiral center. These peaks are in agreement with previously reported NMR studies (33, 39) . For the R group in sinigrin, the protons in position 9 (=CH-) has a multiplet at 3.45 ppm while the protons in the position 10 (CH 2 =) have 2 doublets at 5.2 ppm because of the 2 protons that are not equivalent. By using the negative-ion LSIMS, it was possible to confirm the molecular mass of the anion counterpart of sinigrin, which was (M-cation) -= 358 g/mol ( Figure 9B ).
As for sinigrin (i.e., HPLC fraction 3), the NMR spectrum of the glucosinolate in HPLC fraction 1 has all the peaks characteristics of $-D-thioglucose (Figure 10 ). The R group was identified to be CH 3 SO(CH 2 ) 3 -. The protons in the position 8 have a multiplet of a chemical shift of 2.85 ppm, and the protons in position 9 have a multiplet of a chemical shift of 2.1 ppm. The protons in position 10 have a multiplet of a chemical shift of 2.95 ppm while the protons in position 11 have a singlet at 2.61 ppm. From 2-dimensional DQFCOSY, it was possible to see that the peaks at 2.1 ppm (multiplet) correlated with signals at 2.85 and 2.95 ppm, which confirms that the CH 2 is in position 9 and also confirms the -CH 2 CH 2 CH 2 -grouping. The singlet at 2.61 ppm does not have correlation with other protons. This glucosinolate corresponds to the semisystematic name of 3-methylsulfinylpropyl glucosinolate and the trivial name of glucoiberin. By using the negative-ion LSIMS, it was possible to confirm the molecular weight of the glucosinolate anion, which was (M-cation) -= 422 g/mol.
The glucosinolate in HPLC fraction 4 has the same NMR peaks ( Figure 11A ) for the $-D-thioglucose as those in sinigrin and glucoiberin, and the R group is CH 3 SO(CH 2 ) 4! . The protons in position 12 (CH 3 SO-) have a singlet at 2.6 ppm while protons in the position 8 have a triplet at 2.7 ppm. The protons in positions 9 and 10 have a multiplet at 0.75 ppm. The protons in position 11 have a multiplet at 2.85 ppm. The structure of this glucosinolate corresponds to the semisystematic name of 4-methylsulfinylbutyl glucosinolate and the trivial name of glucoraphanin. Because glucosinolates 1 and 4 differ by one methylene group, the NMR spectra of both glucosinolates are similar, with the difference in the peaks at 1.75 ppm for fraction 4. By using the negative-ion LSIMS, it was possible to confirm the molecular weight of the glucosinolate anion, which was (M-cation) ! = 436 g/mol ( Figure 11B ).
For the glucosinolate in HPLC fraction 6, the R group is an indole (Figure 12 ). This indole causes the 1 H NMR signals of the $-D-thioglucose to occur at slightly different chemical shifts than the ones described in peaks 1, 3, 4, and 6. In fact, the proton $-1 was at 4.85 ppm (doublet), the protons in position 6 (a,b) occurred at 3.45 ppm, the proton in position 4 was at 3.25 ppm (triplet), the proton in position 2 was at 3.18 ppm (triplet), the proton in position 3 occurred at 3.10 ppm (triplet), and the proton in position 5 was at 2.83 ppm (multiplet). For the R group, the protons in position 8 (-CH 2 -) have 2 doublets of 4.05 and 4.10 ppm. The proton in position 2N appeared at 7.25 ppm (singlet). The proton in position 6N has a 7.45 ppm doublet. The proton in position 7N has a 7.2 ppm (triplet). The proton in position 8N has a 7.1 ppm (triplet). The proton in position 9N has a 7.65 ppm (doublet). The structure of this glucosinolate corresponded to the semisystematic name indol-3-ylmethyl glucosinolate and the trivial name of glucobrassicin. These spectral data agree with those previously reported (32) . Again, the technique of negative-ion LSIMS confirmed the anion molecular weight of the glucosinolate, which was (M-cation) -= 447 g/mol.
(b) Peaks 2 and 5.-Because peak 2 is a minor glucosinolate component in white cabbage, it would be a time-consuming task to perform a micropreparative isolation of this glucosinolate in amounts that are sufficient for NMR analysis. Regarding peak 5, and as mentioned in Rechromatography and treatment of collected fractions, this peak contains more than one glucosinolates, as shown in Figure 8C . Also, because the 3 components of peak 5 were not fully resolved, it was not possible to isolate by HPLC a sufficient amount of each of the components in pure form for the analysis by NMR. On these bases, peaks 2 and 5 required a different scheme for identification, which involved the use of GC/MS for the identification of the isothiocyanates, which are the myrosinase degradation products that are reflective of the parent glucosinolates. After treatment of peaks 2 and 5 with myrosinase at pH 7.0, the isothiocyanate degradation products were first extracted with methylene chloride and then analyzed by GC/MS. For peak 2, the GC analysis yielded a peak at 16.83 min, which was tentatively identified as 2-hydroxybut-3-enyl isothiocyanate (CH 2 =CHCHOHCH 2 -N=C=S) by MS. This isothiocyanate is the myrosinase fragment of the glucosinolate with the semisystematic name of (2R)-or (2S)-2-hydroxybut-3-enyl glucosinolate and trivial name of progoitrin (2R) or epiprogoitrin (2S). The mass spectrum showed a peak at a mass-to-charge ratio (m/z) of 129, which is the molecular weight of the 2-hydroxybut-3-enyl isothiocyanate. In addition, we have the peak at m/z = 27 for the fragment CH 2 =CH-; the peak at 72 for the fragment -CH 2 -N=C=S; the peak at 41 for the protonated fragment H-CH-CH=CH 2 -; the peak at 57 for the fragment CH 2 =CH-CHOH-; and the peak at 96 for the fragment M-SH, with M being equal to the isothiocyanate mentioned above (CH 2 =CHCHOHCH 2 -N=C=S).
As mentioned in Rechromatography and treatment of collected fractions, peak 5 contains more than one glucosinolate. The myrosinase degradation products of peak 5 were analyzed by GC/MS as were those of peak 2. The gas chromatogram (see Experimental for running conditions) yielded 4 peaks for the myrosinase-treated peak 5, which eluted at 14.65, 16.34, 26.39, and 29.47 min. The peak eluting at 14.65 min was identified as 3-methylthiopropylisothiocyanate or iberverin, having the structure CH 3 -S-CH 2 -CH 2 -CH 2 -N=C=S. The corresponding glucosinolate is 3-methylthiopropylglucosinolate with the trivial name of glucoibervirin. The mass spectrum showed a peak at m/z = 147, which is the molecular mass of the 3-methylthiopropylisothiocyanate. In addition, the peak at m/z = 101 is that of protonated propane-1-isothiocyanate (-CH 2 -CH 2 -CH 2 -N=C=S), the fragment at m/z = 72 is due to -CH 2 -N=C=S, and the fragment at m/z = 61 is that of CH 3 -S-CH 2 -.
The peak at 16.34 min was identified as that of benzylisothiocyanate (C 6 H 5 CH 2 -N=C=S), which has a molecular mass of 149 g/mol. This isothiocyanate is the enzymatic hydrolysis product of benzylglucosinolate, the trivial name of which is glucotropaeolin. This is further proved by the appearance of a major peak at m/z = 91, which is the well-known tropylium ion C 7 H 7 + . Other fragments appeared at m/z = 58 and 77, which are rationalized as that of -N=C=S and C 6 H 5 -, respectively.
The peaks at 26.35 and 29.47 min gave identical mass spectra, indicating the presence of isomeric species that do not separate as intact glucosinolates in HPLC. Both GC peaks yielded a peak at m/z = 236. The structure is believed to be which is the degradation product of the following glucosinolate:
Several other peaks appeared on the mass spectrum, confirming the above structure. First, a peak appeared at m/z = 221, which is M-CH 3 , where M is the isothiocyanate. A second peak at m/z = 143 is that of the fragment M-C 6 H 3 -OH. A third peak at m/z = 91 corresponded to the fragment C 6 H 3 O. These 2 isomers are believed to be different in the position of OCH 3 and OH substitution. To the best of our knowledge, the above glucosinolate, which is a derivative of indolyl glucosinolate, was not reported before. Unlike the indolyl glucosinolate, this derivative contains a saturated bond between C2 and C3 instead of a double bond and a double substitution with OH and OCH 3 at N1 and C9.
(c) Determination of individual glucosinolates via the isothiocyanate degradation products.-Having the standards allyl isothiocyanate and L-sulforaphane, which are the products of the enzymatic hydrolysis at pH 7.0 of the sinigrin (HPLC fraction 3) and glucoraphanin glucosinolate (HPLC fraction 4), permitted the identification of fractions 3 and 4 by the enzymatic peak shift approach. The glucosinolates 3 (sinigrin) and 4 (glucoraphanin) were injected before and after treatment with myrosinase by using a 17 min linear gradient from 0 to 80% (v/v) methanol in 50 mM monobasic sodium phosphate, pH 3.2. The retention times of the products of the enzymatic hydrolysis coincided with those of the standard isothiocyanates, thus confirming that glucosinolates 3 and 4 are sinigrin and glucoraphanin, respectively. The retention time of sinigrin was 3.9 min, and, after the treatment with myrosinase, a new peak appeared at a retention time of 19 min, which is the same retention time at which the standard allyl isothiocyanate eluted from the RPC column. For the glucoraphanin, the retention time was 5.2 min, and after treatment with myrosinase the degradation product eluted at 15 min which is the same retention time as that of the standard L-sulforaphane. On the basis of these experiments, we attempted the indirect quantitative determination of sinigrin and glucoraphanin in white cabbage from their myrosinase standard degradation products, which are allyl isothiocyanate and L-sulforaphane, respectively. First the calibration curves for the 2 standards were established yielding straight lines with R 2 = 0.999 and 0.998 for sinigrin and L-sulforaphane, respectively. The calibration curves were constructed by using an RPC column of 15 cm × 4.6 mm id packed with Microsorb-MW C 18 and a 17 min linear gradient from 16 to 90% (v/v) methanol. Under these conditions, the allyl isothiocyanate has a retention time of 13.4 min and the L-sulforaphane has a retention time of 8.4 min. The cabbage extract that was degraded with myrosinase yielded, among other things, 2 peaks corresponding to ally isothiocyanate and L-sulforaphane. On the basis of the standard calibration curves and the analysis of the digested white cabbage extract, the concentration of sinigrin was 75.15 µg/g fresh cabbage and that of glucoraphanin, 78.2 µg/g fresh cabbage. These data agree with previously reported literature data on cabbage content of sinigrin and glucoraphanin (40, 41) .
